The trophic structure of the German Bight soft-bottom benthic community was evaluated for potential changes after cessation of bottom trawling. Species were collected with van-Veen grabs and beam trawls. Trophic position (i.e. nitrogen stable isotope ratios, δ 15 N) and energy flow (i.e. species metabolism approximated by body mass scaled abundance) of dominant species were compared in trawled areas and an area protected from fisheries for 14 months in order to detect trawling cessation effects by trophic characteristics. At the community level, energy flow was lower in the protected area, but we were unable to detect significant changes in trophic position. At the species level energy flow in the protected area was lower for predating/scavenging species but higher for interface feeders. Species trophic positions of small predators/scavengers were lower and of deposit feeders higher in the protected area. Major reasons for trophic changes after trawling cessation may be the absence of artificial and additional food sources from trawling likely to attract predators and scavengers, and the absence of physical sediment disturbance impacting settlement/survival of less mobile species and causing a gradual shift in food availability and quality. Our results provide evidence that species or community energy flow is a good indicator to detect trawling induced energy-flow alterations in the benthic system, and that in particular species trophic properties are suitable to capture subtle and short-term changes in the benthos following trawling cessation.
Introduction
Fishing, in particular bottom trawling, is one of the most severe anthropogenic impacts on marine environments (Dayton et al., 1995; Jennings and Kaiser, 1998; Thrush et al., 2001) . Besides the removal of fish and bycatch, bottom trawling has two major impacts on benthic communities: (i) a direct physical effect that causes sediment disturbance and resuspension (Jennings et al., 2001b; Watling et al., 2001) as well as dislocation, damage and mortality of benthic organisms (e.g. Bergman and van Santbrink, 2000; Ramsay et al., 2000) ; and (ii) an indirect trophic impact through fishery bycatch and discards which become a significant additional food source for scavengers and predators (Arntz and Weber, 1970; Groenewold and Fonds, 2000; Rumohr and Kujawski, 2000) . Long-term bottom trawling pushes benthic communities towards smaller, short-lived and fast growing species. After at least five decades of intense trawling in the North Sea (Lindeboom and de Groot, 1998; Rijnsdorp et al., 1998) changes add up to a shift from high to low diversity and from a high biomass-low turnover to a low biomasshigh turnover system (Callaway et al., 2007; Hiddink et al., 2006a; Kaiser et al., 2002) .
Particularly in coastal zones with a long fishing history it is difficult but not impossible to identify distinct and persistent effects of bottom trawling (De Juan et al., 2007; Gray et al., 2006; Thrush and Dayton, 2002) , as long-term frequent trawling might have created a highly artificial benthic system with a trophic structure which is resistant against environmental stressors (Jennings et al., 2001a; Menge and Sutherland, 1987; Yachi and Loreau, 1999) . Moreover, shallow coastal marine systems can be extremely dynamic in terms of hydrographic conditions. Abundance, biomass and species inventory are shaped by seasonal and year-to-year variability, governed by and adapted to abiotic and biotic forcing factors (Clark and Frid, 2001; Kröncke et al., 2001) . Last not least, bottom trawling itself creates variability by an uneven distribution of trawling impact in space and time (e.g. Rijnsdorp et al., 1998) . Hence, artificial robustness of the benthic system and statistical "noise" are principal problems of studies on trawling effects in shallow water systems, particularly in sandy habitats, but see e.g. Cranfield et al. (1999) , Wolff (2005) and Reise (2005) as examples for distinct trawling effect on mussel beds in dynamic environments.
Biological traits of the constituting species (e.g. Collie et al., 2005; Tillin et al., 2006) , species trophic properties and species-dependent trophic properties (e.g. energy flow patterns) are of particular significance to detect trawling effects. Several studies of the last decade, therefore, focused on changes in habitat complexity (e.g. levelling habitat structure along with species loss, see Thrush et al., 2001; Thrush and Dayton, 2002) , on community size spectra, trophic positions and derived energy flow patterns (Hiddink et al., 2006a; Jennings et al., 2001b Jennings et al., , 2002a , as well as on benthic community functioning as indicated by biological trait composition (e.g. Blanchard et al., 2004; Tillin et al., 2006) . Previous studies of trawling effects on trophic structure suffered from methodological problems: they either compared subsystems only, such as fish communities (e.g. Badalamenti et al., 2002) and/or lacked appropriate untrawled reference sites (e.g. Jennings et al., 2001a Jennings et al., , 2002b . However, working at coarser systematic resolution (e.g. feeding guilds) might not be sufficient to capture subtle and/or short-term changes (e.g. within a few years; see Queirós et al., 2006; Tillin et al., 2006) .
Hence, trophic properties at the species level might be more sensitive to detect effects of trawling. On the one hand, many ecological studies provided evidence that trawling does not only cause direct mortality, but also alters the physical and biogeochemical composition of the sediment and causes trophic distortion by food input (discards and gear-induced mortality) which, finally, affects the benthic ecosystem to a certain extent as a whole (Jennings and Kaiser, 1998; Malakoff, 2002) . On the other hand trophic interactions between organisms are an important basis of ecological functioning (Cohen, 1978; May, 1974; Pimm, 1982) , and these interaction patterns entail communities' ability to cope with perturbations (e.g. Dunne et al., 2002) .
The construction of the research platform FINO 1 in the German Bight (North Sea) and the concurrent closure of the site for fishery in the year 2003 provided for the first time the opportunity to compare the development of benthic communities at one protected site and further trawled sites in the German Bight. In this study, we investigate whether changes in the trophic structure of a shallow sand-bottom community after cessation of trawling can be measured based on species trophic properties (e.g. trophic position: species vertical trophic position within the trophic hierarchy) and species-dependent trophic properties (e.g. energy-flow pattern). We evaluate whether these trophic properties are suitable to detect trophic alterations (e.g. trophic distortion and sediment biogeochemistry changes) after short-term closure (only 14 months) of fishery.
Material and methods

Study site
In July 2003, the research platform FINO 1 was built as a pilot project for future offshore wind farms. The platform is located at 28 m water depth in the German Bight, 45 km off the Island Borkum (Fig. 1) . The surroundings of the platform (500 m radius) are closed for all shipping activities (except scientific activities) and are thus protected from fisheries (for further details see Dannheim, 2007) .
Beam trawling is the predominant type of fishery in this part of the German Bight, targeting sole (Solea solea) and plaice (Pleuronectes platessa). Seasonal patterns in trawling intensity are attributed to seasonal migration of target fish stocks (see Pastoors et al., 2000; Piet and Rijnsdorp, 1998) . To estimate the impact of trawling in the study area, trawling intensity was calculated by means of the satellite-based "Vessel Monitoring System" for the main operating fleets (VMS-data for Dutch and German fleet; unpublished data provided by S. Ehrich, Federal Research Centre for Fisheries and by G. Piet and F. Quirins, Netherlands Institute for Fisheries Research). Trawling intensity was calculated as times trawled month −1 (i.e. × spot
) following Rijnsdorp et al. (1998) . There were no spatial trends or differences in trawling intensity detectable between the study sites prior to closure, i.e. seasonality is the major determinant of trawling intensity (Fig. 2 , see Schröder and Dannheim, 2006) .
Sampling areas (Fig. 1) were defined as follows: The "protected area" (hereafter referred to as PA) comprised the zone between an inner circle of 150 m radius and an outer circle of 400 m radius around the platform, i.e. an area of about 0.43 km platform itself and from the border of the protected area were kept to minimise edge effects caused by the construction and by the surrounding trawled area. Effects of the platform construction on the fauna and the sediment structure or biogeochemistry can be excluded: contemporaneously to our study, Joschko (2007) confined platform effects on the soft-bottom community to a narrow range of less than 17 m and Schröder et al. (2008) limited effects of an increase in organic enrichment caused by the hard-bottom community of the platform to a range of less than 100 m. Two zones beyond the 500 m radius, 9 km apart from the protected area in north-western and eastern direction (25 and 5 km 2 ) were chosen as reference sites. Data of the two reference sites were pooled as the zones did not differ statistically in species composition, abundance and biomass (PRIMER, analysis of similarity (ANOSIM); abundance: R = 0.15, p = 0.08; biomass: R = 0.12, p = 0.10: for further details see Dannheim, 2007) . Hence, the pooled reference sites are hereafter referred to as the "trawled area" (TA). Larger area (TA) may increase spatial heterogeneity and thus statistical variability among replicate samples. However, variances did not differ between samples (see Section 2.5) taken in PA and TA for community analysis. Hydrographic conditions are identical in PA and TA, as the prevailing strong tidal currents (≤ 1 m s − 1 ) displace the water masses over far larger scales than the study area.
Sampling and sample treatment
In both areas, PA and TA, sampling of the benthic community was carried out with "RV Heincke" during 2 periods. The first sampling period, defined as "pre-closure", includes two sampling campaigns: one campaign 3 months before and one campaign 2 weeks after fishery closure of PA (March/April and July/August 2003). "Post-closure" sampling was also carried out in two campaigns: one campaign in July/August and one campaign in September/October 2004, i.e. 12-14 months after fishery closure of PA. In PA, epifauna, infauna and sediment samples were taken at 5 stations during each of two sampling campaigns (pre-closure: 2 campaigns × 5 stations = 10 stations, postclosure: 2 campaigns × 5 stations = 10 stations). In TA, samples were taken at 5 stations in each of the two pre-closure campaigns (preclosure period: 2 campaigns × 5 stations = 10 stations) and at 9 stations in each of the two post-closure campaigns (post-closure period: 2 campaigns × 9 stations = 18 stations). Pre-closure and post-closure samples from both sampling dates show seasonal effects (ANOSIM pre-closure PA and TA: p b 0.01, R = 1.0 for abundance and biomass; post-closure PA and TA: p b 0.01, R = 0.8 and 0.7 for abundance and biomass; for further details see Dannheim, 2007) . However, for this study, the seasonality in fishing intensity is deemed more significant than natural seasonal forcing. Hence, we pooled the samples in the pre-closure period and post-closure period, respectively, to cover the time of high fishing intensity in both periods (see Fig. 2 ). Thus, the sampling design is based on 48 stations: 20 from PA (10 pre-closure, 10 post-closure) and 28 from TA (10 pre-closure, 18 post-closure).
Infauna was sampled with a 0.1 m 2 van Veen grab (95 kg). Samples were taken exclusively in the area north of the platform (see Fig. 1 ; 3 replicates per station, see Dannheim (2007) for variability of numerical parameters). Grab content was sieved on 1 mm mesh size and fixed in 4% buffered formalin. At each station 2 surface sediment samples (5-6 cm, not stratified) were collected from the first grab with 5 and 2 cm 3 PVC corers. Samples were stored at −20°C until further analysis.
Epifauna was sampled with a beam trawl (3 m opening width, codend mesh size: 1 cm, haul duration: ≤10 min at 3 knots, towed distance PA: 599 ± 114 m, TA: 888 ± 234 m, see Dannheim (2007) for variability of numerical parameters). Trawled distance at the bottom was determined by Differential Global Positioning System (DGPS). Hauls in PA were restricted to the part south of the platform in order to avoid selfmade trawling disturbance at the grab stations (see Fig. 1 ). Epifauna subsamples from each catch were stored frozen at −20°C until further treatment.
Sampled specimens were identified to the lowest possible taxonomic level. Species abundance and biomass from grab and beam-trawl samples were standardised to 1 m 2 and pooled for each station. Species wet biomass (mg m −2
) and average body mass (M, mg) were converted to kilo Joule (kJ) by conversion factors taken from Brey (2001) .
From additional grab and trawl samples, 464 specimens of the 23 most abundant species (PA: 181/22; TA: 283/22, species size range was similar in PA and TA) were collected for stable nitrogen isotope analysis during a cruise in November 2003 (samples only from TA) and the post-closure cruise in September/October 2004 (samples from TA and PA). Individuals were sorted directly on board and stored at −20°C until further treatment (whole organisms, exceptions: see further discussion). In small bodied species (Euspira pulchella, Poecilochaetus serpens, Spiophanes bombyx, and Urothoe poseidonis), several individuals were pooled to achieve the minimum sample size (N5 μg nitrogen) required for sufficient precision in isotopic measurements. In large bodied species, only muscle tissue was sampled (Liocarcinus holsatus, Pagurus bernhardus, Asterias rubens, and Astropecten irregularis). Gut contents of whole organisms were not removed prior to sample freezing. Generally, this might lead to lower nitrogen isotope values in whole organisms compared to samples of extracted muscle tissue (Peterson and Fry, 1987 , but see Mateo et al., 2008) . However, we do not expect effects on our conclusions because comparisons (pre-post, PA-TA; see Section 2.5) were not made between different species, but only between equally treated conspecifics from different areas. Upon return to the laboratory, frozen tissue samples were lyophilised for 24 h (Finn-Aqua Lyovac GT2E), homogenised in a ball mill and treated with 1 mol l −1 hydrochloric acid (HCl) according to Jacob et al. (2005) to ensure comparability of isotope data between studies, independently of species carbonate content. Subsequently, samples were dried again at 55°C and ground to powder in a mortar prior to analysis. Mass-spectrometric measurement of stable nitrogen isotope composition was carried out in the GeoBioCenter LMU , University of Munich (Thermo/Finnigan Delta Plus). Current gaseous standards for calibration were used. Experimental precision was better than ±0.2‰.
Sediment parameters
Sediment fractions were determined by wet and dry sieving of the larger sediment sample (5 cm 3 ) with a sonic sifter (ATM) over a Wenthworth scaled standard sieve set (Wenthworth, 1922) , silt and clay fraction (% b 63 μm) was determined and median grain size (MdGS, μm) was calculated. The smaller sample (2 cm 3 ) was freezedried and homogenised in a mortar. Nitrogen and carbon content (%N, %C, C/N by mass) were determined with an elemental analyser (LECO CNS-2000). Inorganic carbon was removed by adding 12 mol l − 1 HCl to an additional subsample to determine C org content (LECO CS-125). Mahalanobis jackknife distances (Barnett and Lewis, 1994) identified one multivariate outlier in the sample space [MdGS, % b 63 μm, %N, %C, %C org , and C/N] which was excluded from further analyses (remaining data N = 47). Differences in sediment parameters between areas (PA, TA) were tested by two-way analysis of variance (ANOVA) and one-way ANOVA for data available only from one sampling period. Therefore, sediment parameters were checked for normality (Kolmogorov-Smirnov test) and homogeneity of variances (Bartlett's test) and parameters expressed as percentages (% b 63 μm, %C, %N, and %C org ) were arcsine-transformed.
Trophic parameters
Two trophic parameters were applied to compare the trophic structure in PA and TA: trophic position and energy flow.
Trophic position
The tissue stable nitrogen isotope ratio ( Post, 2002) . According to Yodzis (1984) and Cohen et al. (2003) , we define trophic position TP i of species i by
We measured the trophic positions of 23 species. Species with a sufficient number of replicates (20 species) were used for the analysis of species trophic characteristics (post-closure data only, see Section 2.5.2). Analysis of community trophic characteristics (Section 2.5.1) required trophic positions of all species involved. We used our own data on 23 species from pre-closure and post-closure samplings. For each species, we tested for differences in trophic position between sampling dates (pre, post) by one-way ANOVA, after the data had been tested for normality (Kolmogorov-Smirnov test) and homogeneity of variances (Bartlett's test). Since δ 15 N values did not vary within species between pre-closure and post-closure samplings data from both sampling dates were pooled. Trophic positions for the remaining 183 species encountered in the sampling areas (PA and TA) were estimated indirectly: from published and unpublished sources, we collected δ 15 N data of species which were taxonomically and geographically as close as possible (for δ 15 N data sources see Supplementary material). To account for between-systems differences in δ 15 N, we adjusted all data by the difference in δ 15 N of the primary food source (POM, particulate organic matter) between the German Bight, GB (our data, water sample at 5 m depth, POM = 6.07‰), and the corresponding other systems (OS) i.e.
When δ 15 N of primary consumers (PC, representing the food-web bottom line; Vander Zanden and Rasmussen, 1999) and not of POM was given as a baseline, we used
accordingly (see Supplementary material for PC δ 15 N values, species marked with an asterisk). We used our own data from 11 out of 23 species to adjust δ 15 N of species taken from the mentioned published and unpublished sources. Care was taken that only data were used from studies that applied comparable lab procedures (see Supplementary material for δ 15 N sources). The mean variation between δ 15 N from other sources and from our measurements was 1.03‰. To each species, only one mean δ 15 N value was assigned. Variation in community trophic characteristics (see Section 2.5.1) between PA and TA before and after closure to fishery can thus only arise from variation of the qualitative and quantitative community composition. In cases where we were not able to find δ 15 N data from sufficiently close relatives, we assigned the average δ 15 N value of the appropriate feeding guild (for feeding guilds and corresponding literature see Supplementary material) to a species. Parasites (Vitreolina philippi and Turbonilla acuta) were excluded from analyses (7 individuals).
Energy flow
Energy flow through a particular population is related to abundance and average body size because metabolic rate scales with body size by an exponent of about 0.75 (rate = a * M 0.75 , see West and Brown (2005) for the general validity of the scaling factor 0.75). We define the energy flow of a species as its contribution to overall community energy flow. Therefore, energy flow EF i of species i is approximated by
where N i and M i are the abundance and mean body mass of species i respectively. Overall community energy flow EF com is estimated accordingly by
where n is the number of species. These parameters were computed for each sample (each grab and beam-trawl station) separately. We applied two different indices, (i) absolute energy flow EF i (comparable to a scaled abundance) as described previously, and (ii) relative energy flow REF i that describes the contribution of species i to community energy flow EF com (i.e. comparable to a measure of species dominance within a community)
where 'com' refers to the community of TA and PA, respectively.
Trophic analyses
Two kinds of trophic analysis were performed to compare the trophic structure in PA and TA: community and species trophic characteristics. For community trophic analysis, we used own and literature TP data, while we used only our own TP data (post-closure measurements, 20 species) for species trophic analysis.
Community trophic characteristics
Trophic position frequency distributions (TPFD) were used to compare community trophic structure (based on literature and own TP data) between areas, before and after cessation of trawling. A TPFD identifies the distribution of species energy flow (EF i ) over the trophic position range (δ 15 N) of the community. We assigned one mean δ 15 N value to each species for the TPFD approach. Therefore, variation in TPFD between areas (PA-TA) and closure (pre-post) can only develop from the qualitative and quantitative community composition. Differences in TPFD (i.e. shape of frequency distribution over trophic positions) versus area (PA, TA) and closure (pre-post) were tested by pairwise median rank tests (rank sums, p b 0.05).
Community energy flow (EF com ) was calculated for TA and PA prior to closure of the fishery (March and July/August 2003, N = 10 samples in TA and PA, each) and 1 year after closure (July/August and September/ October 2004, N = 18 and 10 samples in TA and PA, respectively). Data were checked for normality (Kolmogorov-Smirnov test) and homogeneity of variances (Bartlett's test). Significant differences of EF com versus area (PA, TA) and closure (pre-post) were tested by full interaction two-way analysis of variance (ANOVA), followed by a posthoc test (Student's t-test on LS means).
Species trophic characteristics
To evaluate shifts in species trophic characteristics, we tested for differences of (a) trophic position (TP) and (b) energy flow (EF) after the cessation of trawling and (c) compared both parameters directly.
(a) Shifts in trophic position (TP). For 20 species (see Fig. 4 (1) The magnitude of the shift in energy flow of species i (ΔEF i ) was described by the difference in energy flow between PA and TA, expressed as fraction (%) of the average energy flow in PA and TA
(2) The change in relative energy flow of species i (ΔREF i ), i. 
Sediment
Carbon content (C, %) and silt-clay fraction (b 63 μm, %) did not significantly differ between sampling periods (pre-closure and postclosure), in either TA or PA. Median grain size (μm) and organic carbon content (C org , %) differed significantly between sampling dates (preclosure and post-closure: p b 0.01, Table 1 ). After 1 year of closure to fishery, the nitrogen content (N, %) was significantly lower in the protected area (p = 0.02, Table 1 ).
Community trophic characteristics
Trophic position frequency distributions (TPFD) did not differ in median and varied slightly only in skewness and kurtosis, both between TA and PA and between sampling periods (pre-closure and post-closure, Fig. 3 ). TPFD did not significantly differ between sampling periods (pre-closure and post-closure) for both areas (TA and PA), whereas there were differences between TA and PA (Table 2) . Thus, there was no detectable effect of the high trawling intensity during summers 2003 and 2004 (Fig. 2) or of trawling cessation (compare Fig. 3b with  3d and Fig. 3c with 3d , Table 2 ).
Neither pre-closure/post-closure (p = 0.30) nor area (PA-TA, p = 0.57) significantly affected community energy flow (EF com , see Fig. 3 ). However, the interaction pre-closure/post-closure × area (PA-TA) was significant (p b 0.05), indicating an effect of trawling cessation on community energy flow. The post-hoc test identified TA 1 year after closure to be significantly different from the others (TA pre = PA pre = PA post b TA post ; p b 0.05).
Species trophic position (TP)
14 months after trawling closure, trophic positions (TP) were significantly affected by species (p b 0.001) and by species × area (PA-TA) interaction (p b 0.001). Significant effects were detected in 4 species (Fig. 4) . Within PA, TP was significantly (p b 0.01) higher in the deposit feeder Tellimya ferruginosa (ΔTP i = 1.18‰), and significantly lower in the interface feeder, i.e. species that are able to switch between suspension and deposit feeding, Scolelepis bonnieri (−2.14‰) as well as in the predators/scavengers E. pulchella (−1.28‰) and Ophiura albida (−1.03‰). A similar analysis (two-way ANOVA) on the level of major Table 1 Sediment parameters (mean ± standard deviation) for trawled (TA) and protected (PA) area prior to and after the closure to fishery: median grain size (MdGS, μm), silt and clay content (b63 μm, %), carbon content (C, %), organic carbon content (C org , %), nitrogen content (N, %) and C/N ratio (mass based). One-way and two-way analyses of variance (ANOVA) show significant differences (p b 0.05, bold) between TA and PA, respectively pre-closure and post-closure. n.d.: no data. Fig. 4 ) detected no significant area effects (area p = 0.49, feeding guilds × area p = 0.46).
Species energy flow (EF)
Before closure, energy flow EF i differed significantly (p b 0.05) between PA and TA in 5 of those 70 species that represented 99% of community energy flow (EF com ) (Fig. 5a ). EF i was lower in PA in Tellina fabula and Magelona filiformis, and higher in P. serpens, Nephtys assimilis and S. bombyx. Corresponding significant differences in REF i were present in T. fabula and N. assimilis only (p b 0.05, Fig. 5b ).
One year after closure, EF i differed in 17 out of the 70 species (p b 0.05, Fig. 6a ). In 7 species, EF i was lower in PA with ΔEF i ranging from −17.82 kJ m −2 (Echinocardium cordatum) to −0.24 kJ m −2 (T. ferruginosa). Ten species showed a higher EF i in PA, with differences in ΔEF i ranging between + 0.06 kJ m − 2 (Spio decoratus) and + 3.44 kJ m − 2 (Owenia fusiformis). Note that T. fabula (lower in PA) and S. bombyx (higher in PA) showed the same pattern in EF i before closure (Fig. 5 ). Relative energy flow REF i differed in 12 out of the 70 species (Fig. 6b) . Only E. cordatum and T. ferruginosa had lower energy flow in PA with ΔREF i = − 13.66% and − 0.23%, respectively. REF i was significantly higher in PA in the same 10 species mentioned previously (see EF i ), with ΔREF i ranging between 0.12% (S. decoratus) and 5.91% (O. fusiformis).
Correlation between changes in species TP and EF
ΔEF i was negative in 17 but positive in 8 species only (Fig. 7a) . Anthozoa (+53%) and O. fusiformis (+41%) showed the most pronounced increase, while the predators Corystes cassivelaunus and A. rubens showed the most pronounced decrease, −100% and −47%, respectively. ΔREF i values were more evenly distributed, but comparatively small, ranging from +6% (O. fusiformis and S. bombyx) to −14% (E. cordatum, Fig. 7b ). Those species with significant difference in trophic position ΔTP i (S. bonnieri, E. pulchella, O. albida and T. ferruginosa) contributed comparatively little to community energy flow (ΔREF i b 1%; Fig. 7b ). Moreover, only one of these, T. ferruginosa, showed a significant difference in both TP i and EF i (or REF i , respectively) between TA and PA. No significant correlations were found between changes in trophic position ΔTP i and changes in energy flow ΔEF i (p = 0.52), respectively changes in relative energy flow ΔREF i (p = 0.67).
Discussion
Our results provide evidence that cessation of trawling leads to subtle changes in the trophic functioning of sandy bottom benthic communities, even over short time scales. At the community level, energy flow (EF) differed between trawled (TA) and protected area (PA) after trawling cessation (see ANOVA-results, Section 3.2). In the trawled area, there was a shift in community energy flow (EF com ) which was not detectable in PA. This indicates an effect of trawling on the temporal variability in EF com in TA which was suppressed in PA. As a consequence, EF com was lower in the protected area (PA), mainly caused by a lower EF of E. cordatum. We were unable to detect shifts in community trophic structure. However, trophic changes could be detected at the level of species trophic characteristics: In PA, we found higher EF of interface feeders (e.g. O. fusiformis and S. bombyx) and, at the same time, a lower TP of deposit feeders (e.g. T. ferruginosa and Pectinaria koreni). The absence of physical sediment disturbance by fishing gear might be the principal cause of change (see further discussion). Further, TP and EF of predators and scavengers was lower in PA compared to the further trawled area (TA) (e.g. O. albida, C. cassivelaunus, and A. rubens). This cessation induced trophic signal in the benthic community is, most ) for area (TA-PA) at pre-closure and post-closure are given in the graphs.
Table 2
P-values for pairwise tests (median rank test, rank sums) on significance differences of trophic position frequency distribution (TPFD) for trawled (TA) and protected area (PA) prior to (pre) and after (post) the closure to fishery. Significant differences (p b 0.05) are marked in bold. likely, linked to the missing food sources (bycatch, discards) that are usually generated by trawling. In the following, the causal relations between the observed changes and trawling cessation are discussed. Trawling cessation affected the sedimentary biochemistry and structure of the study site significantly. Nitrogen and organic carbon content, as well as the fine sediment fraction (silt and clay) were lower in PA compared to TA (Table 1) . Concentrations of organic compounds at the sediment surface are reduced by the interaction of biological processing and trawling cessation. Frequent trawling enhances the availability of otherwise buried organic compounds (e.g. Trimmer et al., 2005; Watling et al., 2001 ) and thus affects sediment physics (e.g. resuspension) and biogeochemistry. Accordingly, trawling cessation led to a lowered community energy flow (EF com ) in PA, too, particularly owing to lower EF of the infaunal deposit feeder E. cordatum. The species prefers sediments enriched in organic matter (Kröncke et al., 2004; Wieking and Kröncke, 2003) and populations of the species appear to be rather less affected than other large animals by beam trawling Tillin et al., 2006) , particularly larger specimens which burrow deep in the sediment (e.g. Bergman and Hup, 1992) .
In contrast, small interface feeders with a more or less sessile lifestyle (O. fusiformis, S. bombyx, Chaetozone cf. setosa, Edwardsia spp. and S. decoratus) had a higher EF in PA. These species feed selectively on The plot includes all species that (i) reveal significant differences in EF i and (ii) belong to those 70 species that account for 99% of EF com . Horizontal bars indicate standard deviation. IF = interface feeder, PS = predator/scavenger, SF = suspension feeder. Species were ordered by increasing difference in energy flow (PA minus TA). *Significant difference (p b 0.05).
high quality (indicated by low C/N ratio, Brown et al., 2005) food particles (e.g. Kröncke et al., 2004; Wieking and Kröncke, 2005) . Sediment C/N ratios, however, did not differ between TA and PA. Therefore, the absence of physical disturbance rather than enhanced food quality is responsible for their stronger presence in PA (see also Collie et al., 2005; De Juan et al., 2007) . Stronger presence of small interface feeders might have led to an increased processing of sedimentary organic compounds (as evident in lower nitrogen and carbon content), i.e. a biological feedback process as also observed by Brown et al. (2005) . TPs of deposit feeders such as P. koreni and E. cordatum, as well as its commensal T. ferruginosa which feeds on refractory material of E. cordatum (Gage, 1966) , were increased. This may be related to an altered sediment biogeochemistry in PA, too: Microbial activity and degradation not only alters the general composition of sediment POM (e.g. Lee et al., 2004) , but also increases δ 15 N of bulk POM by the release of 15 N depleted nitrogen compounds (e.g. Macko and Estep, 1984; Wada, 1980) . Trawling causes a decrease in benthic microbial activity (Pusceddu et al., 2005) and, most likely, a corresponding decrease in POM δ 15 N. Hence, if POM in PA has a higher δ 15 N, this signal will be passed on to the benthic primary consumers, in particular to deposit feeders feeding on refractory material. We were unable to demonstrate changes in POM δ 15 N, but obviously trawling affected the sedimentary biochemistry significantly (nitrogen and organic carbon, see Table 1 ).
The second cause for a cessation induced trophic signal in the benthic community is the absence of fishery generated additional and artificial food sources, i.e. gear-induced mortality and discards. Primarily, trawling causes mortality of benthic organisms, but many survivors, especially mobile predators and scavengers profit from this additional source of comparatively high trophic level food (Arntz and Weber, 1970; Groenewold and Fonds, 2000; Rumohr and Kujawski, 2000) . After short-term closure, we thus expected the see first alterations of EF and TP of these mobile species that benefit from fishery bycatch and discards. According to the lack of these additional food sources, we expected TP of predators and scavengers to be lower in PA. Such shifts in TP were observed in the apparently facultative predating/ scavenging O. albida, E. pulchella and the usually interface feeding species S. bonnieri (see Kenchington et al., 1998; Nagabhushanam and Colman, 1959) . Surprisingly, we were unable to prove changes in TP in those large, mobile predators and scavengers which are known to benefit from such additional food sources, such as Liocarcinus spp., A. rubens and A. irregularis (Figs. 4 and 7) . Obviously, these large, opportunistic feeders cover such a trophically wide prey range (e.g. Cohen et al., 1993; Davenport and Bax, 2002; Pimm and Lawton, 1978 ) that a fishery related shift in diet is not detectable in species TP at the scale of our study. There is, however, a clear signal in EF which is distinctly lower in PA in predators and scavengers such as C. cassivelaunus and A. rubens (Fig. 7) . Scarcity of those food items commonly generated by trawling may have triggered them to emigrate from PA (see De Juan et al., 2007; Groenewold and Fonds, 2000; Smith et al., 2006) .
At the community level, however, we were not able to detect changes in the distribution of TP among species as were Jennings et al. (2001a) , although we expected on average lower TPs in PA due to lower EF of predators and scavengers. This is a general problem of cause and effect studies targeting trawling impact in areas such as the North Sea. Coastal habitats with pronounced environmental dynamics combined with numerous and continuous anthropogenic impacts make such studies extremely difficult (e.g. Collie et al., 2000; Gray et al., 2006) . Accordingly, estimates of recovery time for North Sea benthos are based on experimental trawling or on the comparison of "lightly" and "heavily" trawled areas (Collie et al., 2000; Kaiser et al., 2006) . Models derived from these estimates predict recovery rates of 100 days in terms of numerical abundance (Collie et al., 2000) and 1-3 years in terms of biomass and production (Hiddink et al., 2006b ) from beam trawling for sandy bottom communities. Soft-bottom monitoring studies, however, indicate longer recovery times after perturbations, in terms of biomass more than 3 years (see e.g. Pearson and Rosenberg, 1978; Arntz and Rumohr, 1982) . Smith et al. (2006) found lowered epifaunal biomass even 3 years after closure of the fishery in a southern North Sea area. Collie et al. (2005) report an increase in benthic abundance, biomass and production after 2.5 years on gravel bottoms (Georges Bank) that continued until 5 years after closure (end of observational period). Only two studies so far dealt with infaunal recovery. De Juan et al. (2007) found fewer scavengers but increased surface infauna and more epifauna, in particular suspension feeders and predatory fish 1 year after closure of a muddy habitat situated in the north-western Mediterranean Sea. Duineveld et al. (2007) report an increase in species richness, evenness, and abundance of mud shrimps and fragile large bivalves in epifaunal beam-trawl samples, but inconsistent results in infaunal box-core samples of a sandy habitat (southern North Sea), even after 20 years of closure. Further comparable data for shallow sandy bottoms are lacking or difficult to interpret owing to the systems' natural dynamics (e.g. Collie et al., 2000; Kaiser et al., 2006) .
Our study may have been hampered by some of these problems in coastal dynamic systems as well, which might have prevented us from detecting significant trophic alterations. We are aware that measuring all species TPs over the course of the whole sampling period would have been more reliable to detect potential food-input changes by trawling. However, all other measured parameters (EF, EF com ) showed the same temporal pattern without differences between PA and TA before fishery cessation but with differences between the areas after PA had been closed for fishery. Given the consistency of this pattern over all other parameters measured, we are convinced that the observed differences in TP among the two areas reflect the outcome of differential developments due to trawling cessation and not natural spatial variation. Regarding community trophic properties only, data from one or two sampling dates combined with site-calibrated literature data provide sufficient accuracy to look for trophic changes of communities sampled in field surveys in a pragmatic way. Particularly, EF seems to be a promising indicator of energy flow changes in the benthos. However, to detect species specific changes of TP direct measurements of δ 15 N are required (see Figs. 4 and 7) , as particularly low TP species are susceptible to seasonal and spatial variability in stable isotope ratios (Lorrain et al., 2002) . Further, compared to at least 5 decades of intense trawling (e.g. Lindeboom and de Groot, 1998; Rumohr and Kujawski, 2000) , our 14-month study of post-trawling changes in the benthos is short-term, and compared to a sea of disturbance a protected area of 500 m in radius (PA) is rather small. It is likely that organisms migrated in and/or out of the protected area (see e.g. De Juan et al., 2007) . Migrating organisms can also be part of the recovery process (e.g. Arntz and Rumohr, 1982) , but might have contaminated or diluted species trophic signals. Obviously, trophic characteristics changed in PA despite its small size and previous studies on trawling cessation indicated functional shifts in small sized areas as well (De Juan et al., 2007 , 2011 Duineveld et al., 2007) Thus trophic changes at the community level may have remained low during the first 14 months so that only distinct species trophic alteration may have been measurable. This would argue towards (a) a larger size of no-take zones in the future to exclude the effects of fishing grounds in the surrounding and (b) a detection of trophic shifts at the species level in particular. For example, Tillin et al. (2006) were unable to demonstrate consistent changes in functional diversity at the Dogger Bank (North Sea), although they provided evidence that continuous bottom trawling affects community functional composition. Our results support the findings of functional changes in the benthic community (De Juan et al., 2007; Tillin et al., 2006) . However, TP changes (ΔTP) at the level of major feeding guilds were not significant (see previous discussion) and the detected changes in trophic properties were most pronounced at the species level. This emphasises that species sensitivity to disturbances seems to be the best indicator for short-term trophic changes because every response of a system starts with the response of certain species. The species is thus the smallest entity to alter communities' ecological functioning. Hence, classification of organisms into groups or guilds might hamper cause and effect studies in highly dynamic coastal areas. This underlines the statement of Pearson (2007): 'Do not classify! Look how organisms create, maintain and change their habitat!' Shifts in species trophic position, however, are rather small compared to trawling effects in hitherto pristine systems. Those species with a significant ΔTP contributed comparatively little to EF com and vice versa (Fig. 7) . Apparently, no single species pushes the system towards one direction and explains why community trophic structure is still similar in TA and PA after 14 months of trawling cessation. Possibly, long-term bottom trawling has created a high degree of trophic generalism (Berlow, 1999; McCann et al., 1998) and functional redundancy among the benthic species (Jennings et al., 2001a; Menge and Sutherland, 1987; Yachi and Loreau, 1999) hampered rapid recovery of the trophic system after trawling cessation. Long-term studies are required to provide evidence that trophic properties cause resistance against anthropogenic stressors in North Sea soft-bottom communities.
The forthcoming offshore wind farms in the German Bight present a unique scientific opportunity to study effects of long-term and largescale cessation of trawling on the benthos, as active trawling will be prohibited in the wind farm areas. It remains to be seen whether trawling cessation will cause a benthic regime shift (sensu Amaro, 2005; Allen and Clarke, 2007; Van Nes et al., 2007 ) towards a high biomass-low turnover system, presumably with higher biodiversity (see Worm et al., 2006) . Long-term, trawling cessation may support an increase in habitat complexity, i.e. an opposed development of decades of trawling (Callaway et al., 2007; Riesen and Reise, 1982) . This gain in refuges may have a significant influence on growth and survivorship of species and thus on species and trophic diversity in the benthic system (Briand and Cohen, 1987; Thrush and Dayton, 2002) . Whether the observed short-term trophic changes we found will become permanent in the long run remain to be seen. Offshore wind farms will provide the possibility to investigate species inventory and food web structure and the time-scale of recovery processes in the absence of trawling.
